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INTRODUCTION

The training program in Breast Cancer Detection and Treatment continues to provide an
excellent opportunity to train research specialists in techniques for clinical and technical work
relating to breast cancer. This program has established solid, productive teaching relationships
between highly skilled and experienced cancer specialists and qualified recipients. It has also
fostered the development of diagnostic and therapeutic technology and the examination of
clinical issues concerning this widespread disease.

The dual mentorship system that is in place ensures that each of the trainees in the
program are assigned both a clinician and a basic scientist as his or her individual advisors. The
trainees benefit enormously from this system, which provides them with two distinct and often
complementary sources of insight into the progress of their work and training. Program
participants are currently trained in clinical and theoretical procedures by which to detect breast
cancer at early stages; they also familiarize themselves thoroughly with the current knowledge of
the biology and pathology of the disease and modern therapeutic practice as part of their training.
Through their clinical advisor, trainees have access to the resources necessary for clinical
research, as well as to the advisor’s considerable background in clinical practice and parameters.
The extent to which the trainees immerse themselves in clinical research varies according to the
area of specialty to which they have gravitated.

The training faculty have been selected to fill either the role of clinician or of theoretical
scientist on the basis of their specialization. In our search for qualified advisor candidates, we
have sought to exploit existing collaborations between clinic and laboratory in the field of breast
cancer research, in an effort to provide an advisory structure conducive to the trainee’s academic
and professional development.

Our fundamental goal remains to develop new techniques by which to detect and to treat
breast cancer, and to enhance those already existing with new knowledge and technological
improvements. A significant step towards this end is naturally the thorough training of qualified
specialists seeking to gain experience in the theoretical and clinical fundamentals of breast
cancer research.

What follows is a brief outline of the available clinical and research techniques in which
the four members of the program are being trained, supplemented by a description of the related
research undertaken by the trainees in the course of this funding year. We also present the
academic status and professional profile of each trainee, as well as a discussion of his or her
relationship with both individual advisors and pertinent information about each. Finally, we list
the events, activities, and expectations associated with the trainees’ participation in the program.




BODY

Magnetic Resonance Imaging (MRI) has established itself on the forefront of medical
technology as a non-invasive clinical procedure by which to obtain highly accurate metabolic
and oncologic profiles of isolated tissues within the body. The research division of our
laboratory dedicated to the use of MRI in the detection and treatment of breast cancer remains
extraordinarily active. The group at the University of Pennsylvania has pioneered using the
architectural appearance of lesions seen on breast MRI to further characterize them as benign or
malignant. Although the architectural analysis does not allow complete characterizations of
lesions on breast MRI, this work adds a new piece of information to assist in interpreting breast
MRI. Proton spectroscopy of enhancing lesions seen on breast MRI is used to detect a
compound called choline in breast lesions. Choline is commonly seen in actively growing cells,
and therefore was hypothesized to be a specific marker of breast cancer. The data demonstrates
that the presence of choline in enhancing lesions in the breast is almost 100% predictive of breast
cancer. These findings are very significant in that they suggest that proton spectroscopy may
represent an important component of the breast MRI examination. Expansion of this work into a
larger set of patients is ongoing.

We have made several advances in developing techniques by which to differentiate
between benign and malignant enhancing breast lesions using MRIL. Such techniques would
greatly improve the specificity of breast MRI techniques, given that only about 40% of breast
lesions detectable by MRI constitute actual cancer. We will continue to study the kinetics of
image contrast enhancement and combine this with our work on breast architectural features in
order to provide an improved interpretation model for breast MRI. It is hoped that this work will
eliminate the problem of detecting false positives using such a technique.

We are continuing to study the ability of MRI to determine the local extent of breast
cancer. This information is essential to the planning of appropriate therapies (Jumpectomy vs.
quadrantectomy vs. mastectomy).

The program trainees receive comprehensive instruction in the technological principles
and procedures fundamental to the research described above. In addition, the trainees are
currently engaged in research projects applicable to the broader fields of oncology and
pathology. These are introduced below.

Experimental Demonstration of Photon Diffusion Imaging and Diffusive Emission
Tomography in Highly Scattering Systems Approximating Breast Tissue

At present there is considerable interest in the use of multiple scattered light in optical
tomography, due in part to its potential applications in medicine. While X-ray CT, MRI, and
PET have proven to be clinically useful, each suffers from limitations that restrict its application
in the widespread screening for cancer in asymptomatic patients. Principal among these
limitations are cost and the patients repeated exposure to ionizing radiation in the case of CT and
PET. Optical and near-IR wavelengths, at relatively low intensity, suffer no such limitations.
Spatial variations in the absorption and scattering properties of a given tissue reveal much about
its metabolic state, vascularization, and structure. In addition, mapping the distribution of
fluorescently tagged antibodies, in analogy to PET’s use of radionuclides, may provide a means
of localizing subclinical tumors with great specificity.

A fundamental problem in the reconstruction of images obtained from multiply scattered
light is that of mapping variations in the scattering (diffusion) and absorption coefficients. In
such highly scattering systems photons migrate in a random walk, experiencing numerous
collisions along the path from source to detector. We can regard the transport of scattered light
as occurring by means of diffusing waves that are described by integral equations. These
integral equations are solved either numerically or by direct inversion in order to reconstruct
spatial fluctuations in the absorption and diffusion coefficients of objects embedded in scattering



media. In an analogous manner, we also are able to determine spatial variations in fluorophore
number densities of fluorescently labeled objects embedded in scattering media.

Our current studies have focused upon experimental validation of our numerical and
analytical solutions of these integral equations. Using amplitude modulated, near-IR light
sources in continuous wave mode, we record the intensity and phase of the transmitted light as a
function of source/detector position. To date, we have successfully reconstructed images of
phantoms whose absorption and scattering properties differ from background in a manner that
approximates in situ, tumorigenic tissues. We have also incorporated fluorescently labeled
probes into our phantoms and successfully reconstructed not only the object's spatially dependent
absorption and scattering properties, but also the spatial distribution of its fluorophores.
Numerical simulations of these experiments, incorporating results from the exact
(nonperturbative) solution of the forward scattering problem, have been done to rigorously
examine the effects that noise, as well as uncertainties in source/detector position and
background absorption/diffusion coefficients, have on the quality of image reconstruction.
Additional numerical studies have also been performed to assess the simulated data's correlation
to experiment. More recently, we have conducted a series of sensitivity experiments aimed at
determining the minimal fluorophore number densities needed for image reconstruction in
inhomogeneously absorbing and scattering backgrounds. Our findings suggest that, with
additional sources and detectors, these techniques could be of significant clinical value in the -
widespread screening of subclinical breast carcinoma.

Determining Heat Deposition by MRI Coils with an Na,HTm{DOTP]/Agarose Phantom

The advantages of high field MR Imaging have brought with it the disadvantages of
increased power delivered to MRI coils. This has challenged the MR community to develop a
method to determine specific absorption rates in tissues subjected to MRI procedures. For
transmit/receive surface coils, the electric field is highest at the capacitors. It is the interaction of
the electric field with the tissue which theoretically causes local heating. However, it is unclear
what in practice this heating might be, if at all.

We have previously characterized a temperature dependent chemical shift for ®Na in
Na,HTm[DOTP]. This shift is very near 0.5 PPM per °C, both for a solution and in agarose. We
then constructed a large agarose phantom with 40 mM Na,HTm[DOTP] and performed high
power MR imaging experiments with 4 different surface coils, varying in the amount of
distributed capacitance from 1 to 4 symmetrical positions. Our goal was to determine the effect
of distributing capacitance on heating patterns. Phase difference maps of the phantom describe
areas of local heating in the sample. In the phase difference maps, we observed areas of intense
heating at the coil/phantom junction, falling off as the coil/phantom distance increases. Intense
hot spot heating from the capacitors was not observed in any of the surface coils. These
preliminary results suggest that heating of tissue from an MRI examination may be dominated by
the inductive electric field elements and that conservative electric field heating may be
negligible. ,

In NMR studies of breast tissues, which are located outside the body cavity, the use of
surface coils provides many advantages. Surface coils not only enhance breast tissue's signal to
noise ratio, but also decrease the necessary amount of RF power deposition in the body during
RF pulsing. In addition, surface coils can provide easy localization of the NMR signal to breast
tissue in the absence gradients or other means of localization. The localized sensitive volume of
the surface coil also prevents the aliasing of signal from outside of breast into the field of view
during imaging of breast or parts of the breast.

However, the B1 fields generated by the surface coils are not uniform, which results in
variations in tip angles throughout the sensitive volume. For example, in spin echo imaging, this
can cause severe distortions. One way to excite uniform tip angles across an imaging volume
with surface coils is to use adiabatic pulses. I have been investigating the combination of
adiabatic half passage and adiabatic refocusing pulses with surface coils in alleviating the
distortions caused by the non-uniform B1 fields. Computer simulations of the distribution of B1



amplitudes in the sensitive volume of the surface coil are done in combination with simulations
of the motions of the magnetization vectors under the adiabatic pulses at these B1 values in order
to predict the resultant tip angles within the sensitive volume of a surface coil after adiabatic
pulses. The shapes of both of the adiabatic pulses are numerically optimized to broaden the
range of B1 in which it can still achieve a fixed tip angle. Spin echo images of phantoms are
obtained using the surface coil - adiabatic pulse combination.

The STEAM pulse sequence can be used in combination with surface coils to achieve
precise spatial localization while preserving the signal to noise advantage. Ihave shown, via
phantom experiments, that precise spatial localization can be acheived using the STEAM-surface
coil combination. I have also designed simple methods of calibrating the 90 degree pulses at
desired locations. These have also been demonstrated to work in phantom experiments.

In summary, the surface coil and adiabatic pulse technique can be used to obtain spin echo
images of the breast. The surface coil and STEAM combination can be very useful in obtaining
localized spectra of any part of the breast. One obvious application is in the comparison of
spectra from normal versus regions of breast suspected of tumor.

High Resolution Breast MRI

We have concentrated our efforts both on improvements of the hardware required to form
magnetic resonance images and on the theory of the data acquistion process itself.

Our studies of the magnetic resonance hardware used for high resolution breast imaging
have included computer modelling, prototype construction, and engineering of the final forms of
both novel radiofrequency multi-coil arrays and a new design for high resolution biplanar
imaging gradients. Both of these new designs improved the sensitivity and capability of the
breast imaging project. The radiofrequency coil improved the overall sensitivity of the imaging
process by 30% allowing higher signal-to-noise ratio images to be obtained at present resolution
levels or alternately, higher resolution images to be obtained in the same period of time. The -
biplanar gradient design, which produced homogeneous gradients of roughly 6 gauss/cm over the
breast, were designed and constructed to function with the new radiofrequency coil design in
addition to allowing access to allow for the possibility of MR guided breast and localization of
tumors which might otherwise be invisible to conventional mammography. Because the biplanar
gradients were successfully interfaced to the clinical imaging system at the Hospital of the
University of Pennsylvania with appropriate new eddy current compensation all of the standard
clinical pulse sequences available could be interfaced with the enhanced capabilities of the
biplanar gradients. The increased strength of the biplanar gradient design over the standard
gradients available on the clincal magnetic resonance imager allows images with resolutions
roughly 6 times higher than the standard images to be obtained. The smallest imaging field of
view that could be obtained with the biplanar gradient set was roughly 2 centimeters. The second
generation gradient design has been modified to be 20% stronger than the original design with
the same high degree of homogeneity and improved acoustic noise reduction capabilities. In
addition, the materials used to construct the gradients will help eliminate prior problems with
heating of the local gradient set.

Theoretical studies of the magnetic resonance data acquistion process have also been
ongoing with two specific goals. First, increase the inherent sensitivity of the acquisition process
by manipulation of the available parameters in the pulse sequence and data acquisition. Any
process which increases the inherent sensitivity of the imaging process will allow images of
better quality, higher resolution, and shorter imaging times to be acquired. Second, increase the
resolution of the data gathered by novel manipulation of the digitization of the data that is
acquired in the imaging process. Increasing the sensitivity of the imaging process requires
foreknowledge of the relaxation parameters of the tissue of interest. Once the transverse




relaxation time is known, the theoretical resolution that can be obtained is known. Knowledge of
the longitudinal relaxation time provides information regarding the optimal pulse power and
repetition times. Although, individually, each of these parameters points to an optimal method
of data acquisition in order to maximize either resolution or sensitivity they are not all
necessarily independent of one another. Once the question is framed: "How do I get an image of
the highest possible resolution in the shortest period of time?" the optimal choice of pulse
sequence, pulse power, repetition rate, data matrix, field-of-view, and data acquisition rate
becomes a much more complicated, and clearly interdependent, optimization problem. A
prescription has been formed which, when knowledge of the longitudinal and transverse
relaxation times is available, will enable each of these parameters to be set in a novel optimal
fashion. In addition, in order to enhance the resolution of the images obtained with the newly
developed optimum prescription the digitization of the data has been altered to limit errors
introduced by the limited bit resolution in the analog-to-digital converters (ADC). Since the data
which reperesents the high resolution information in the image resides at the edges of the "k-
space", where the peak signal levels are typically lower than at the center of k-space, the gain
levels are not optimally set to accurately digitize this information. That is because the gain level
for any given imaging sequence is typically set such that the highest signal level will just fill the
ADC and thus be digitized to the limit of the hardware's capability. Thus, with the special
capabilities of the home built spectrometer at our facility we can vary the gain level dynamically
to a time resolution of 10 microseconds or better. Thus, we could vary the gain level between
each acquisition point if desired. Simulations of the effects of this technique indicate that in
lower level signal to noise ratio images the noise level may be significantly reduced because a
large part of it is due to digitization noise. In images with higher levels of signal this effect is
small. However, the regions of the image in which high fourier component information exists,
mainly edges, the image quality is greatly enhanced allowing much better discrimination of edge
features. Experiments applying this techniqued have been performed on biological phantoms
with great success. Future applications to in-vivo imaging are soon to be performed.

Enhanced Protective Immunity by Recombinant Murine Interleukin-12 is Preceded by a
Transient Suppression of Anti-Tumor Immunologic Responses

There is currently exploration into cytokine based strategies by which to induce an
immunologic reaction against tumors. Such strategies are of particular interest for their potential
to elicit a durable, effective response from the immune system without being excessively toxic.
Among the cytokines tested, one of the most promising is interleukin 12 (IL-12). It has
demonstrated consistent activity against a variety of murine tumors, be it in the form of a
recombinant protein or as a cytokine secreted by tumor cells engineered for that purpose. The
use of recombinant IL-12 (rIL.-12) is particularly conducive to clinical application since it avoids
the need for gene transfer. IL-12 by itself is effective against many tumors and, in cases where it
is not, combining it with B7 co-stimulatory molecules or IL-2 has proven equally effective. The
cytokine can exert effects on lymphoid and non-lymphoid cells directly or indirectly ( an
example of the latter is via induction of [FN-gamma); these in turn alter the host-tumor
relationship favorably and in distinct ways. Such a pleiotropy of effects, however, makes it
difficult to isolate the specific mechanism(s) underlying the effectiveness of IL-12 against
tumors.

Our studies of rmIL-12 and its anti-tumor effects have revealed that it can synergistically
induce protective immunity against poorly immunogenic SCK mammary carcinoma cells, in
conjunction with the expression of B7-1 co-stimulatory molecules in tumor cells. It was our goal
to determine the mechanism of rmIL-12 efficacy. Our studies primarily focused on the effect
that rmIL-12 exerts on vaccination brought about by irradiated SCK tumor cells that secrete GM-
CSF. Surprisingly, administering rmIL-12 ultimately ablated evidence of anti-tumor CTL
activity in the spleen. It also attenuated, in direct correlation with the dosage, the secretion by
splenocytes of tumor-specific cytokines. We hypothesized that the suppressive effect of rmIL-12
seen at 14 days after vaccination could have been due either to the impaired immunization or to



the effector (rejection) response. To test this later possibility directly, we chose to determine
protective immunity in rmIL-12 treated animals 28 days after vaccination, at a time when
mitogenic responses have returned to normal. Vaccinated mice that received rmIL-12 were
much better able to reject tumor cells than vaccinated mice that had not received rmIL-12 at this
later time.

From these studies, we can conclude that rIL-12 is a promising adjuvant for a tumor cell
vaccine; however, its ability to suppress immunologic responses temporarily suggests the need to
establish sound guidelines for the proper dosage and scheduling of the medication. While in the
clinic in which our work is being done, we will need to provide careful immunologic monitoring
during various protocols of rIL-12 use in order to determine whether the issues raised here are -
significant in human cancer therapy. By doing so, our aim is to optimize the use of this
compound as an immunologic adjuvant and as an anti-tumor agent.

Hadamard Encoded Imaging and Its In vivo Applications

High resolution imaging techniques using noninvasive modalities such as magnetic
resonance imaging have been pursued as in vivo cancer screening techniques in an attempt to
eliminate the invasive nature of surgical biopsy. The resolution and field of view attainable with
magnetic resonance imaging has been limited in the past due to aliasing of the image. We are
developing a technique that uses this aliasing to produce high resolution images with larger
matrix sizes than are currently available. It is performed in two dimensions, the frequency
encoding and phase encoding direction, and the image is allowed to alias in both. The
individual, aliased fields of view can be recovered by encoding the spatial information within the
plane of the image using Hadamard methods. These images may then be tiled to obtain a
composite image with high spatial resolution and a large field of view. This technique is
demonstrated using two-dimensional and three-dimensional in vivo imaging of the human brain
and breast.
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The following is a list of trainees supported this year, including the period of their appointment
and the names of their individual advisors:

Trainees Period of Appointment Advisors

Uma Duvvuri 9/1/97 — 8/31/98 John S. Leigh, Ph.D.
Susan Orel, MD

Jeff Souris 9/1/97 — 8/31/98 Britton Chance, Ph.D.
Mitchell Schnall, MD/Ph.D.

Erik Shapiro 1/1/98 — 12/31/98 Robert E. Lenkinski, Ph.D.
Gilles McKenna, MD, Ph.D.

Uma Duvvuri

Uma Duvvuri is an MD/PhD student at the University of Pennsylvania Medical School. Uma
was appointed as a trainee on September 1, 1997. He started in September, 1998 taking graduate
level courses. Uma’s scientific advisor is John S. Leigh, Ph.D., the Britton Chance professor of
radiology and director of radiology research at the University of Pennsylvania. Uma attended
the Seventh Annual Scientific Meeting of ISMRM where he presented two posters.

Erik Shapiro

Erik Shapiro is a graduate student in the Chemistry Graduate Group. He began his training in the
program on January 1, 1998. Gilles McKenna, MD, Ph.D. serves as Erik’s clinical advisor. Dr.
McKenna is chairman of the Department of Radiation Oncology and his primary interests
include the identification of molecular and genetic markers in tumors that indicate resistance
and/or sensitivity to radio waves. His scientific advisor is Robert E. Lenkinski, Ph.D. Together,
they are investigating the use of 4 different surface coils. Our goal was to determine the effect of
distributing capacitance on heating patterns.

Jeffrey S. Souris

Jeffrey Souris is a graduate student in the Structural Biology and Molecular Biophysics Graduate
Group. Jeff completed his fourth year in the training program on August 31, 1998. During the
year he has worked with his two advisors, Drs. Britton Chance and Mitchell Schnall. Dr. Schnall
is both a skilled clinician and researcher who has actively pursued the development of NMR
techniques for diagnosing breast and prostate cancer. Jeff has been trained in a technique, called
Photon Diffusion Imaging, that is potentially useful in gathering imaging data from any number
of tissues. This technique holds great promise as a new modality in the early detection of breast
cancer, one that does not pose the hazards associated with x-rays. In working with his clinical
advisor Jeff has learned about the nature and pathologic parameters of breast cancer, currently
available diagnostic tools, and the strengths and weaknesses of these tools in detecting breast
disease in its early stages. Jeff is in the process of writing his thesis and is going to defend in
October, 1999,
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The following is a list of trainees supported for all years, including the period of their

appointment:

Trainees Period of Appointment
Jeff Souris 9/1/94 - 8/31/98

Donald Li 8/1/94 - 7/31/97

Enn-Ling Chen
Erik Insko

Holly Kurzwa
Uma Duvvuri
Douglas Fletcher

Erik Shapiro

9/1/94 - 8/31/97
6/1/95 - 5/31/96
6/1/96-5/31/98
9/1/97 - 8/31/98
8/1/97 - 7/31/98
1/1/98 - 12/31/98
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KEY RESEARCH ACCOMPLISHMENTS

Photon Diffusion Imaging holds great promise as a new modality in the early detection of breast
cancer, without the hazards associated with x-rays

Magnetic Resonance Imaging (MRI) provides an important new tool for the diagnosis and
evaluation of breast cancer

We have constructed the second generation of a local gradient set which meets the requirements
of breast imaging

To detect and characterize breast cancer with high resolution MRI

To describe architectural findings on post-contrast breast MR that are highly predictive of benign
and malignant breast lesions.

REPORTABLE OUTCOMES

Enn-Ling Chen, Holly Kurzawa, and Doug Fletcher have all received their doctorate degrees in
1998. Erik Insko is currently a radiology resident in the MRI section of the Department of
Radiology. Erik is a MD/PhD. Uma Duvvuri is in his fourth year of a MD/PhD program at the
University of Pennsylvania. He currently received an Individual Fellowship Award from the -
National Institute of Mental Health.
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CONCLUSIONS

We consider the process of education within the training program to be highly mutual.
Trainees cull vast amounts of information about the pathology and treatment of breast cancer
through discussion with their advisors and regular attendance at seminar series and conferences
related to or directly dealing with the disease. In exchange, we expect trainees to disseminate
their individual contributions to current knowledge via presentation of their work at conferences
and conventions within the scientific community and within the larger community of persons
concerned with or affected by the disease. ’

To be specific, we require that all trainees attend a monthly seminar series called
FOCUS, which is hosted by the Group for Women’s Health Research and deals with many issues
facing today’s breast cancer researchers. There are similar seminar series within the Department
of Biochemistry and Biophysics and the Department of Cell and Molecular Biology which
provide trainees with a solid grounding in the work being done in the broader fields of pathology
and oncology. In addition, trainees have traveled to meetings and conferences all over the
country to present their work and to elicit feedback from experts in their individual fields.
Towards the end of reaching the more general scientific public, trainees have published papers
and findings in widely-read scientific journals, newsletters, and brochures. These latter serve the
double function of increasing awareness about the training program at the same time that they
report on the work of the individual trainees.

The external advisor to our training program is Joann S. Ingwall, Ph.D. She is professor
of medicine at Harvard Medical School. Dr. Ingwall’s primary obligations to the program
consist of offering advice and guidance to the director of the program. In addition, she reviews
the progress of all present trainees and suggests possible alterations or improvements to the path
of their research.

Our experience thus far with the program has been decidedly positive; we have found it
to be an excellent mechanism by which to equip promising researchers with an enormous amount
of clinical and technological knowledge relating to breast cancer detection and treatment. We
have a strong desire to expand the program within our laboratory to accommodate yet more
trainees and to expand the scope of our professional liaisons to include clinicians and research
experts from an even greater geographic area.

We continue to search ardently for qualified minority and women candidates and to
encourage their interest in the program. Of the eight candidates supportedd by this program, half
were minority and women candidates. The program is promoted to minority candidates by a
number of means. We send informational brochures to medical and engineering schools with
large minority populations. We also contact persons at the University of Pennsylvania’s medical
school, biochemical graduate studies office, and engineering school who are qualified to refer
interested candidates to us. Through these contacts, we ensure that the program is prominently
advertised the minority outreach efforts undertaken by these schools. We keep our contacts
informed of scientific workshops, seminars, and training sessions going on within our facility,
stressing that interested minority candidates are encouraged to attend. Such events are excellent
opportunities for the candidates to interact with the faculty and to be introduced to the specific
work we do.

Having obtained the names of potentially eligible minority candidates, we invite them to
submit their application to the program and to visit our facility to learn more about opportunities
in breast cancer research and about the nature of the training program. In this way, we hope to
provide as much information and encouragement as possible to minority candidates to aid them
in their decision whether to apply.
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